In this study we compare the capability of amplification fragment-length polymorphism (AFLP) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) to identify and subtype isolates of members of the Candida parapsilosis complex (C. parapsilosis, C. orthopsilosis, C. metapsilosis) and Lodderomyces elongisporus, which cannot be differentiated with biochemical methods. Both techniques correctly identified all isolates included in this study and clustered isolates within the different species. DNA-based and mass spectrum-based dendrograms yielded similar outcomes with regard to phylogenetic distance within C. orthopsilosis and C. parapsilosis species. However, a different clustering was obtained for C. metapsilosis for which AFLP was highly effective in differentiating. While MALDI-TOF MS was found to be a reliable method for species-level identification, further studies are required to assess its value as a fungal typing tool.
Introduction
Candida parapsilosis sensu stricto is one of the most common Candida species responsible for invasive and localized human mycoses [1, 2] . It belongs to the so-called C. parapsilosis complex, which includes C. orthopsilosis and C. metapsilosis [3] , formerly described as C. parapsilosis groups II and III and Lodderomyces elongisporus, a nonpathogenic species [4, 5] . Of the members of the C. parapsilosis complex, C. parapsilosis sensu stricto is by far the most studied and characterized, representing approximately 90% of infections attributed to C. parapsilosis sensu lato [1, 3, 5] .
The increased number of non-C. albicans Candida species causing nosocomial infections has created a challenge for diagnostic laboratories to provide reliable and rapid identification, especially for closely related species. This is relevant for the species that composed the C. parapsilosis complex, which cannot be discriminated by conventional biochemical approaches. Despite the fact that the clinical relevance of C. metapsilosis and C. orthopsilosis has yet to be fully determined, the correct identification of the three species within the complex is needed in order to obtain epidemiological data. Several DNA-based methods used to identify members of the C. parapsilosis complex have been applied to the identification of C. orthopsilosis, C. metapsilosis, and C. parapsilosis, including restriction profiles of secondary alcohol dehydrogenase gene fragments [3, 6] , amplification fragment length polymorphism (AFLP) [7] [8] [9] , a microarray-based system [10] , pyrosequencing [11] , as well as polymerase chain reaction amplification and sequencing of the ribosomal internal transcribed spacer (ITS) region [12] . Recently, matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF-MS) has been used to rapidly identify yeast species in the clinical laboratory [13] [14] [15] [16] .
This technique promotes the identification of the species by mass spectrum analysis of crude cell extract, primarily consisting of abundant proteins (e.g., ribosomal proteins). The obtained spectra are compared with reference species-specific patterns stored in the instrument database. The major advantage of this procedure is its rapidity; the entire process takes only a few minutes to be completed. It has also been suggested that this technique could be used for intraspecific typing [17, 18] .
Our aim in this study was to evaluate the ability of MALDI-TOF MS to identify and subtype clinical isolates of the C. parapsilosis species complex. The ability of this mass spectrometry system to provide an intraspecific characterization was compared with AFLP, for which it has previously been shown to reproducibly identify and genotype C. parapsilosis, C. orthopsilosis, and C. metapsilosis [8, 9, 19] . This is particularly interesting in view of the limited sequence variability described for C. parapsilosis [3, 19, 20] , with isolates displaying negligible sequence differences and yet expressing a spectrum of different phenotypes [21, 22] . In this study, a panel of 36 strains belonging to the C. parapsilosis complex was submitted for identification and intraspecific typing by AFLP and MALDI-TOF analysis. In addition, 10 sequential C. orthopsilosis isolates collected from a single patient were included to assess the discriminatory power of MALDI-TOF MS.
Materials and methods

Strains
The C. parapsilosis complex isolates were part of a strain collection deposited at the Department of Biology, University of Pisa, Italy. Isolates were originally identified as C. parapsilosis according to their biochemical profile on API32 ID and a Vitek 2 advanced colorimetric semiautomated system (bioMérieux, Marcy l'Etoile, France). A total of 36 isolates, including four references (C. parapsilosis ATCC [American Type Culture Collection] 22019, C. orthopsilosis ATCC 96139, C. metapsilosis ATCC 96143, L. elongisporus YB-4239) and 32 independent clinical isolates belonging to the C. parapsilosis complex, previously identified as C. parapsilosis, C. orthopsilosis, or C. metapsilosis [8, 9] , underwent MALDI-TOF identification and AFLP analysis (Table 1 ). In addition, a set of 10 sequential isolates of C. orthopsilosis collected from a single patient that had been characterized by AFLP [8] was also included in the MALDI-TOF analysis.
MALDI-TOF MS
Protein extracts were prepared from isolates grown on Sabouraud glucose agar for 48 h at 37
• C and prepared Preliminary tests revealed that the Bruker Daltonics BioTyper library database, which includes quality-controlled entries of more than 3900 microorganisms, did not yield acceptable scores (>2.0, as reported in the manufacturer's instructions) for C. metapsilosis and C. orthopsilosis reference strains. Therefore, the original database was extended by adding MALDI-TOF MS spectra from the four reference strains noted above (Table 1) . Each database entry was generated as a composite of 10 spectra for a total number of 5000 laser shots, resulting in a main spectrum (MSP) containing the average mass, intensity, and frequencies of the most significant peaks [18] .
MALDI-TOF analysis
Raw spectra were automatically acquired and species identification was obtained from the pattern matching that of the extended database by the BioTyper 3.0 software (Bruker Daltonics). Identification results were expressed with log (score) values, and interpretative criteria used for rating identification at the species level were those suggested by the manufacturer: ≥2.0 for identification at the species level and <1.7 for unacceptable identification.
Following MSP creation from reference and challenge strain profiles of C. parapsilosis, C. metapsilosis, C. orthopsilosis, and L. elongisporus species, a score-oriented dendrogram was generated from hierarchical cluster analysis, using the integrated statistical tool Matlab 7.1 (The MathWorks Inc., Natick, MA, USA), based on correlation for calculating the distance values and average linkage algorithm for creating graphical relative correlation from the calculated distance values (maximum distance level observed set at 1000).
Amplification fragment length polymorphisms
Genomic DNA was extracted from yeast samples grown in Sabouraud broth, as previously described [8] . AFLP analysis was used to confirm species identification and to evaluate genetic relatedness of C. parapsilosis, C. orthopsilosis, and C. metapsilosis isolates. AFLP was performed on 60 ng of genomic DNA, as previously described [9] . The restrictionenzyme combination EcoRI/HindIII was used in the first restriction/ligation step; the concentration of the HindIII adaptor was equal to the EcoRI (0.45 mM). Preselective, selective amplifications and gel electrophoresis conditions were as previously described, using the EcoAC/HindIII0 primer combination [9] . AFLP profiles, ranging from 90 to 700 bases, were exported as a TIFF file and analyzed with the TotalLab TL120 software package (Nonlinear Dynamics Ltd, Newcastle upon Tyne, UK). Larger fragments were only considered as a control to check for DNA integrity.
AFLP analysis
DNA bands obtained for each isolate were size-matched. Each AFLP fragment was defined by time (Rf value) and by the surface of the fluorescent peak it formed. In order to define/quantify AFLP bands, background was subtracted and the surface of each peak was determined. The sum of all peak surfaces for each lane was defined as "lane volume" representing 100%. Peak surfaces (relative intensities) were expressed as a percentage of the lane volume. Only bands that were at least present as 0.5% of the lane volume in at least one of the isolates were included in the analysis. Bands were considered to be absent if their relative intensities were <0.03% of the lane volume. A dendrogram was built based on presence/absence of bands and on their relative intensities. For each isolate pair, the Pearson correlation of the relative intensities percentage of all fragments present in the two isolates was determined, with a correlation index of 1 corresponding to a complete identical pattern. A distance matrix was obtained by subtracting the correlation between two AFLP patterns from 1 (distance = 1 − correlation). This distance matrix was imported into the Treefit program [23] and used to produce an unweighted-pair group method using arithmetic means (UPGMA) dendrogram, which was visualized with the Treeview program [24] .
Sequencing of the ribosomal DNA region
Fungus-specific universal primers ITS1 and ITS4 were used for amplification of the ribosomal DNA region of the selected strains used in the challenge, and sequencing was performed by an ABI Prism 3130xl sequence analyzer (Applied Biosystems, Foster City, CA, USA) [12] . Sequences were analyzed using Chromas Lite 2.1 software (Technelysium Pty Ltd, South Brisbane, Qld, Australia) and compared with searching databases using the BLAST sequence analysis tool (http://www.ncbi.nlm.nih.gov/BLAST/).
Results
MALDI-TOF MS
Mass spectral fingerprints were compared to the extended MSP library, which demonstrated that all C. parapsilosis complex isolates were correctly identified at the species level by MALDI-TOF MS, with log (score) values higher than 2.0 (Table 1) . We then investigated the ability of the MALDI-TOF MS method to reveal phylogenetic relationships and found that the correlation-based dendrogram clustered the isolates in separate groups according to their phylogenetic species designation (Fig. 1) . The analysis was extended to isolates of five other relatively common Candida species (C. albicans, C. dubliniensis, C. glabrata, C. tropicalis, and C. paratropicalis), which resulted in all being correctly identified and clustered separately from the C. parapsilosis species complex (Supplementary Material S1). By applying an arbitrarily chosen distance level of 150, C. parapsilosis, C. metapsilosis, and C. orthopsilosis isolates were clustered in distinct groups, while L. elongisporus was outgrouped (Fig. 1) . The greatest level of phenotypic diversity, as defined by different MALDI spectra, was observed among C. orthopsilosis and C. parapsilosis isolates, while C. metapsilosis strains were indistinguishable by this analysis. Multiple C. orthopsilosis isolates from a single patient (Table 1 ) clustered together and were indistinguishable by MALDI-TOF MS (Fig. 1) .
AFLP
AFLP using the EcoRI/HindIII combination was performed to identify and genotype the 36 isolates belonging to the C. parapsilosis species complex. The EcoRI/HindIII combination allowed a correct identification of all clinical isolates that was in perfect agreement with mass spectroscopy results obtained with the same strains (Fig. 2) . When AFLP was used to evaluate the relatedness of the 36 independent isolates, UPGMA analysis performed on 317 AFLP bands resulted in the clustering of isolates into three major groups and a singleton, according to the four species represented (Fig. 2) . C. parapsilosis isolates grouped together with a similarity of 0.78 (Fig. 2) . C. metapsilosis and C. orthopsilosis isolates clustered into two other groups (Fig. 2) with comparable similarity values (0.77 and 0.74).
Sequencing of the ribosomal DNA region
By comparative sequence analysis of the ITS region, all the challenge isolates studied were unequivocally identified to the species level, with a sequence similarity ≥99%, which is in concordance with AFLP and MALDI-TOF MS results.
Discussion
Since their identification [3] , species belonging to the C. parapsilosis complex have been differentiated through the use of molecular methods due to the fact that they are indistinguishable when conventional biochemical tests are used [5, 6, 8, 10, 11] . Among these approaches, AFLP offers the advantage of simultaneously identifying and genotyping C. orthopsilosis, C. metapsilosis, and C. parapsilosis isolates and represents a reproducible tool for genetic population analysis [8] [9] [10] . The downside of this high-resolution DNA-based technique is its cost, the time required to perform testing, and the need for skilled personnel.
In recent years, MALDI-TOF MS has emerged as a rapid and reliable method for microbial identification, being used by many diagnostic laboratories to obtain reproducible species identification of bacterial and fungal isolates [13, 16, 18] . When compared with conventional yeast identification systems, MALDI-TOF MS provides several advantages, one of which is a significant gain in both experimental and turnaround time. In this respect, time effectiveness (<10 min for yeast identification from a pure colony) increases when multiple samples are processed in parallel. On the other hand, problematic identification of species by MALDI-TOF MS can occur, primarily due to the limited number of reference spectra included in the instrument database, as was the case in the initial phase of our research. Nevertheless, this approach was recently used to successfully identify C. orthopsilosis, C. metapsilosis, C. orthopsilosis, and L. elongisporus [15] .
In the present study, the ability of MALDI-TOF MS to identify the C. parapsilosis species complex was strengthened by adding one mass reference spectrum for each of the four species, bringing reference spectra to 10 for C. parapsilosis, 3 for C. metapsilosis, 3 for C. orthopsilosis, and 2 for L. elongisporus. MALDI-TOF and AFLP were compared for their application in the identification and intraspecific typing of a panel of clinical isolates belonging to the C. parapsilosis species complex. Both techniques provided correct identification for C. parapsilosis and its cryptic species, as confirmed by ribosomal DNA sequencing.
The application of MALDI-TOF MS in further differentiating isolates at the species level was evaluated by clustering mass spectra obtained from the panel of independent isolate fingerprints as well as from a set of sequential isolates from a single patient. MALDI-TOF generated dendrograms that were then compared to those obtained by AFLP.
Hierarchical cluster analysis of main spectra profiles of C. parapsilosis, C. orthopsilosis, C. metapsilosis, and L. elongisporus resulted in the culturing of isolates into separate groups according to their species designation, which is in agreement with the UPGMA dendrogram generated from AFLP profiles. It is worth noting that in the dendrogram that was based on protein profiling (MALDI-TOF), intraspecies distances between isolates differed from those that emerged from the DNA-based dendrogram, particularly with regard to the C. metapsilosis isolates.
Among the three species, C. orthopsilosis and C. parapsilosis isolates were characterized by a greater level of spectrum diversity, while those of C. metapsilosis showed very little mass spectrum diversity. This finding is very interesting considering that C. parapsilosis is described as a prevalently clonal species with limited DNA sequence variability in conserved genes, even with isolates collected from distant geographical regions [19, 25] .
Indeed, when AFLP correlation data, which also take into account the relative intensity of each fragment, were used to generate the dendrogram, the level of diversity observed for the three species was quite similar. In MALDI TOF-generated dendrogram, two subclusters of C. parapsilosis isolates were formed, but their clinical relevance could not be evaluated due to the limited sample size.
With regard to C. orthopsilosis, AFLP indicated that this species is associated with a higher level of genotypic diversity, while mass spectrum profiles of the same isolates clustered C. orthopsilosis strains with an extent of phenotypic diversity similar to that observed for C. parapsilosis.
Multiple isolates of C. orthopsilosis collected from a single patient were indistinguishable by MALDI-TOF analysis, similar to what was previously described for the same isolate set by AFLP genotyping [8] .
Different outcomes were observed in C. metapsilosis strain distances. In fact, while the protein-based dendrogram indicated that the 14 C. metapsilosis isolates are virtually indistinguishable, AFLP clustering highlighted a degree of genetic diversity, with a similarity value of 0.74. Therefore, for intraspecies correlation, AFLP remains the preferred method, since the discriminative power of AFLP was higher for all three species.
In conclusion, both AFLP and MS correctly allocated C. orthopsilsosis, C. metapsilosis, and C. parapsilosis isolates to different clusters. Also, the discrepancy between the phylogenetic distances obtained with the two methods within C. metapsilosis isolates reflects the different nature of the approaches used.
The potential association of MALDI-TOF spectra with clinically relevant phenotypic traits such as drug resistance and/or biofilm production may lead to improved therapeutic management of fungal infections. In this regard, a recent paper by Kubesová and co-workers describes the use of MALDI-TOF MS to distinguish C. parapsilosis, C. metapsilosis, and C. orthopsilosis biofilm producers from nonproducers, with specific peaks only found in the MALDI fingerprints of biofilm-positive isolates [26] . Although these data were obtained from a limited number of isolates, this finding points toward a direct application of MALDI-TOF phenotyping in the clinical setting. In addition, previous work performed on Aspergillus species indicated that this method can be successfully used to detect fungal strains characterized by a reduced susceptibility to caspofungin [18] .
Our results reinforce the view that MALDI-TOF phenotypic clustering of the C. parapsilosis complex could be a promising tool. However, it requires further improvement in terms of association analysis between clinically relevant traits and the number of C. parapsilosis, C. orthopsilosis, and C. metapsilosis isolates biotyped.
